Proton exchange membrane fuel cells (PEMFCs) are promising fuel cells, however, they exhaust waste heat while operating. In order to recycle the waste heat, a novel model coupling a thermoelectric generator (TEG) and a thermoelectric cooler (TEC) with a PEMFC is established. The thermodynamic and electrochemical irreversible losses including Thomson effect are considered. A set of analytical formulas are derived for overall equivalent power output under different scenarios. Parametric study is presented in this work. The ecological coefficient of performance (ECOP) which represents the equivalent output power of the unit loss of availability is employed as an objective function for system evaluation. The results show that, compared with the individual fuel cell, the maximum power density and ECOP of the hybrid system are increased by 1.42% and 4.47%, respectively. Comparing two cases with or without considering Thomson effect, it can be concluded that the Thomson effect has negative impacts on system performance to a certain extent.
INTRODUCTION
Electric vehicles (EVs) are developing rapidly. According to Global EV Outlook 2019 published by International Energy Agency, in 2018, the number of the global electric car exceeded 5.1 million. Fuel cells have been used in electric vehicles including passenger cars and other various transport applications [1] . Faced with the energy shortage, fuel cells have been considered as an ideal alternative for traditional energy conversion devices due to less pollution and high conversion efficiency [2, 3] .
Among the existing fuel cells, proton exchange membrane fuel cell (PEMFC) can be used in automobiles or portable electronic equipment because of quick start and favorable power-to-weight ratio, making it one of the most promising fuel cells [4, 5] . Researches have been conducted to study on the performance of PEMFC for optimization, including in the aspects of catalyst [6] , material [7, 8] , geometric construction [9] [10] [11] , working conditions [12] [13] [14] , utilization of waste heat [15] [16] [17] and so on. The recovery of waste heat to enhance the performance of fuel cells has attracted attention worldwide [18] . Zhao et al. [19] proposed a typical fuel cell-heat engine hybrid system, and found the heat transfer irreversibility in the heat engine affected the system performance. Unlike fuel cells with high operating temperature which can integrate with heat engines, PEMFCs have much lower temperature, so the waste heat generated is inadequate to drive heat engines [15] . At present, PEMFCs tend to be integrated with heat pump [15] , thermoelectric coolers [16, 17] , adsorption chiller [20] and so on. Thermoelectric devices are superior to conventional thermal energy devices in the aspects of reliability and maintenance [21, 22] . Moreover, TEG can convert thermal energy into electricity via Seebeck effect, and TEC can utilize the electricity for cooling via Peltier effect [23] . Integrating fuel cells with thermoelectric devices have been an alternative for heat recovery and cogeneration. A new cogeneration system consisting of a direct carbon fuel cell and a two-stage TEG was established by Liu et al., and the results showed that the maximum power output density was 50% larger than that of the stand-alone fuel cell [24] . Wu et al. developed an integrated phosphoric acid fuel cell and thermoelectric device system for power and cooling cogeneration, both power density and efficiency of the hybrid system were improved compared to the stand-alone PAFC [21] . As a result, integrating a PEMFC and TEG/TEC makes sense.
A hybrid system formed by a PEMFC and TEG-TEC to improve the system performance is established in this work. Some irreversible losses including Thomson effect are taken into account. The system can recycle the waste heat from PEMFC to drive TEG and TEC to gain power and cooling capacity. Current density, power density and optimal range of the proposed system have been researched based on the ecological coefficient of performance (ECOP). To provide theoretical basis for practical design of this system, effects of some design parameters as well as Thomson effect on the system have been investigated.
SYSTEM DESCRIPTION

Figure 1. Schematic diagram of a cogeneration system integrating a PEMFC with thermoelectric devices
The diagram of the proposed system coupling a PEMFC with a TEG, a TEC and an irreversible regenerator is presented by Figure 1 .
The PEMFC is working at the temperature of . Electric power converted from chemical energy in the PEMFC is written as PEM . Waste heat is generated in this process as well. Some of that waste heat H is absorbed by the TEG module to produce electric current g via Seebeck effect. With g maintained in the circuit, the TEC module absorbs heat c from the cooling room at the temperature of c via Peltier effect. Some of that waste heat, L , is dissipated to the ambient air at the temperature of 0 . Meanwhile, the products from the PEMFC can preheat the reactants by regenerator and generate waste heat, R . 1 and 2 are the heat dissipated into the ambient environment, respectively, from the TEG module and TEC module.
The model has been simplified as follows:
1) The PEMFC and thermoelectric devices are operating in a steady state;
2) The working temperature and working pressure of the PEMFC are maintained at fixed values;
3) No reactants are left in the reaction of the PEMFC; 4) The external irreversible losses between TEG-TEC and cooling space are neglected; 5) Thermoelectric elements won't conduct electricity and heat with the surroundings, and electric current flows in the direction of the leg in a thermoelectric element.
PEMFC
PEMFC is supplied with hydrogen and oxygen to drive the reactions and produces liquid water, heat and electricity. The reaction formulas are given as below: 
The thermodynamic relationship of the PEMFC can be presented as: −∆ = −∆ − ∆ (4) where ∆ is Gibbs free energy change, ∆ is entropy change, ∆ is enthalpy change in the reaction, and ∆ = ∆ℎ ( e ) ⁄ , where is the working current of the PEMFC, ∆ℎ is molar enthalpy change, e is the number of electrons, is Faraday constant.
The open circuit voltage under standard conditions can be derived from the Nernst equation as below [25, 26] :
where H 2 and O 2 are the partial pressures of 2 and 2 .
Based on the energy conservation, the actual voltage from the PEMFC can be obtained by subtracting the voltage losses, including concentration loss, con , activation loss, act , and Ohmic loss, and 0 = 1.08 × 10 −21 ( 0.086 × ) . a and c are the anode and cathode charge transfer coefficients of the electrodes, respectively. represents the current density which is the ratio of current to effective electrode area A. 0 and max are current exchange density and limiting current density in the PEMFC. refers to the universal gas constant. mem and mem are the membrane thickness and proton conductivity.
1 and 2 are the concentration coefficients. mem is membrane humidity. The actual voltage, power output and efficiency of the PEMFC can be derived:
TEG-TEC
The thermoelectric devices in the hybrid system refer to a TEG and a TEC. The number of elements of the TEG is m and that of TEC is n. Each element has a P-type and an N-type semiconductor leg, and these elements are in series connection. Neglecting the external irreversibility, the main causes for the irreversibility inside the thermoelectric elements are Joule heat, heat-conduction loss and heat loss due to Thomson effect. Consequently, the heat transfer balance equations of the thermoelectric devices can be presented as:
where h , 0 and c are the Seebeck coefficients related to T, 0 and c . = P P P + N N N is the inner resistance of thermoelectric element, where the subscript 1 represents TEG and 2 represents TEC, respectively. refers to resistivity of thermoelectric element; g is the electricity flowing through the TEG-TEC; and are, respectively, the length and cross-sectional area of the semiconductor leg. = P P P + N N N is the thermal conductance of an element, where k is the thermal conductivity, the subscript P or N represents P-type or N-type semiconductor leg. is Thomson coefficient. Considering the operating temperature of TEG-TEC, Bi2Te3 is applied as the thermoelectric material, and the temperature dependent properties of it are presented in Table 1 [27, 28] . m is the average temperature of thermoelectric elements. m 1 = ( + 0 )/2 and m 2 = ( c + 0 )/2, respectively, refer to the average temperature of TEG module and TEC module.
Parameter can be defined to represent the ratio of the numbers of the elements in TEG and TEC:
Based on Eq. (10), Eq. (13) and Eq. (14), the coefficient of performance ( ) and cooling capacity ( c ) can be expressed as:
To make TEG-TEC work normally, both and c should be positive, i.e. > 0 and c > 0. Thus, the interval of working current of TEG-TEC can be expressed as:
The equivalent power output of TEG-TEC can be expressed as:
Regenerator
The regenerative loss caused by thermal resistances can be written as:
where re is heat transfer coefficient of the regenerator. re is the regenerative heat transfer area. is the regenerative efficiency.
Hybrid system
Due to temperature difference, part of the heat generated by the electrochemical reaction will leak into the environment, which can be expressed as:
where L and L are heat leak coefficient and heat leak area. The quantity of heat transferred from PEMFC to TEG can be derived as below:
where 1 = re re (1 − )/ , 2 = L L / are the temperature-independent regenerative loss coefficient and the heat leak coefficient.
From Eq. (10) and Eq. (22), the following equation can be obtained:
When thermoelectric devices work normally, substituting a and b into Eq. (23), the minimum and maximum current density of thermoelectric devices, a and b , respectively, can be derived. Therefore, the overall equivalent power output can be expressed as:
The definition of ECOP is the ratio of power output to the loss rate of availability [29, 30] , and can be written as: = 0 ⁄ (25) where is the entropy increase rate. According to Eq. (24) and Eq. (25), the ECOP of the hybrid system can be derived:
where cell and td are given as: 
3.RESULTS AND DISCUSSION
Performance analysis and optimization of the system
With the mathematical model, the numerical solution of PEMFC/TEG-TEC hybrid system is given out. Parameters used in modeling are shown in Table 2 [16, 17, 31] . Figure 2 shows the curves of the power densities of stand-alone fuel cell, TEG-TEC and hybrid system, where * , PEM * and td * represent the corresponding power densities of the proposed hybrid system, PEMFC and thermoelectric devices, respectively. Power density is the ratio of power output to effective electrode area. It can be seen from Figure 2 that the thermoelectric devices only works in the region of a < < b , and outside of this region, the curve of * ~ is overlapped with the curve of PEM * ~. All these power densities first increase with to attain the maximum values and then decrease.
It should be noted that the corresponding current c at maximum * is always different from the current d at PEM * . 2 . Curves of the P of the PEMFC, TEG-TEC and hybrid system varying with the current density
The ECOPs of the stand-alone fuel cell and the hybrid system with respect to the power density has been presented in Figure 3 . According to the definition of ECOP, a higher ECOP represents a better performance. It is reasonable to use ecological function for environmental friendly system [29, 32] . To evaluate the system performance with ecological criterion, Figure 2 is combined with Figure 3 , and results can be obtained as follows: the optimal region of the proposed hybrid system are a * < * < c * and c < < a . The corresponding optimal region of current density is a < < c . By numerical calculation, taking stand-alone PEMFC as the objective, the maximum power density can be derived as d * =5058.7 2 ⁄ , and the corresponding ECOP is 0.76. As for hybrid system, the peak of power density, c * , is 5131 2 ⁄ , and the corresponding ECOP is 0.79. Comparing the data mentioned above, it shows that the peak value of power and the corresponding ECOP of hybrid system are 1.42% and 4.47% larger than those of the stand-alone PEMFC, respectively. It can be seen that the system performance enhancement is not obvious in the short term, but in the aspect of whole life cycle, the low maintenance cost can compensate for the initial construction cost. Zhang et al. [2] integrated the TEG-TEC with a SOFC (solid oxide fuel cell) to harvest waste heat, and found the maximum power density was 2.3% higher than that of the single fuel cell. In view of the high operating temperature and large amount of waste heat of SOFC, the performance enhancement of PEMFC is considerable. Consequently, utilizing TEG-TEC is an effective way to reuse waste heat from PEMFC to improve the system performance. Figure 4 reveals the influences of T on the hybrid system. As is fixed, both * and ECOP increase with the increased T, especially in the region of > 8000 • −2 . Moreover, a , b , c and = a − b are getting larger as T rises. Since the molecules in the fuel cell reactions have a higher kinetic energy with increased temperature, the probability and the fraction of collisions bringing about reaction are dramatically related to temperature T. Although a higher temperature contributes to more heat loss and heat leak, it improves the conductivity of ions in the electrolyte and decreases the overpotential loss, which promotes the actual power output of PEMFC. The same rule can be found from PAFC-TEG/TEC system proposed by Wu et al. [21] in 2017. Besides, the larger temperature difference results in a better performance of thermoelectric devices. In conclusion, the energy obtained due to a higher temperature far overweighs the energy loss, so it's feasible to optimize the performance of hybrid system by increasing operating temperature. In practical use, the cost of high temperature should be taken into consideration to propose an economical energy conversion system. 
Effects of operating pressure p
Due to the influences on the characteristics of the PEMFC and heat transfer process from the PEMFC to thermoelectric devices, the operating pressure p is an important parameter. As is shown in Figure 5 , similar to the influence of T, for a given current density, both * and ECOP show an upward tendency with the increase of p, which is more obvious in the region of higher current density. According to the numerical calculation, both a and b ascend with p, while decreases with p. The reasons are that higher operating pressure can accelerate the concentration of reactions, degrade concentration of polarization and gain voltage. However, with the raised pressure, more power is needed to compress the fuel and oxide at the entrance, which will make the system more complicated and costly. Hence, the choice of p is usually 1 atm. And this is different from the residential micro-combined cooling heating and power system driven by PEMFC, whose optimum p is 2 atm [33] . 
Effects of number of thermoelectric elements
Unlike operating temperature and pressure, the number of thermoelectric elements only has effects on hybrid system in the region of a < < b . From Figure 6 , it can be seen that a , b , and td * are ongoingly reduced with the decrease of m, on the contrary, ECOP decreases as m becomes larger. c * first mounts up to its peak value and then declines when m is added. The explanation for this phenomenon is that loss rate of availability rises with the increase of m. When m rises to some extent, the improvement of td * is unable to compensate for the loss of PEM * . M. Ebrahimi et al. [20] presented a PEMFC-based model, and found the increasing number of TEGs decreased the efficiency of the hybrid system, however, by using particular number of TEG modules, the electricity produced by TEGs increased from 0.55W to 16.5W. As a result, m should be chosen carefully to maximize c * .
(a) (b) Figure 6 . Effects of m on the (a) power density, (b) ECOP of the hybrid system
Effects of Thomson effect
Feng et al. [34] investigated the effects of Thomson effect on the TEG-TEC device, and the results showed the cooling capacity was decreased by 27% due to Thomson effect. Because of the negative impact on TEG-TEC, Thomson effect can degrade the hybrid system performance. Impacts of Thomson effect on the working region, power density and ECOP have been shown in Figure 7 . It indicates that the working region and ECOP of hybrid system as well as the power density of TEG-TEC are all decreased due to Thomson effect, and this is more obvious in the region of higher current density. Adopting the method of numerical calculation to compare the cases with or without considering Thomson effect, it is evident that the c * and ECOP of hybrid system are reduced by 1.11% and 4.8%, respectively, when Thomson effect is considered. Hence, Thomson effect has negative effects on the system performance to some degree. 
CONCLUSIONS
An effective way to recycle waste heat from a fuel cell is to integrate with thermoelectric devices. To evaluate the performance of a thermodynamically and electrochemically irreversible hybrid system with Thomson effect, which is mainly composed of a PEMFC, a TEG and a TEC, an ecological optimization criterion using ECOP as objective functions has been performed. The optimal intervals of current, power density and ECOP for the system performance enhancement have been determined. Effects of some parameters on the proposed system are studied by parametric analyses. Results show that both higher operating temperature and pressure can improve the performance, especially when the current density is large. Unlike operating temperature and pressure, the number of thermoelectric elements only has effects on hybrid system in the certain region. With the increased number of thermoelectric elements, ECOP increases monotonically while c * reaches the summit and then declines.
There exists an optimal value for the number of thermoelectric elements to maximize c * . The simulation indicates that c * and ECOP of the hybrid system with Thomson effect are decreased by 1.11% and 4.8%, respectively, compared to the system without Thomson effect. Hence, Thomson effect can degrade the system performance in some ways and should be noted in practical design. These results can provide some information for practical application of similar systems.
